The quantum properties of dynamic correlations in a system of an electron spin surrounded by nuclear spins under the conditions of free induction decay (FID) and spin echo have been studied. Analytical results for the time evolution of mutual information, classical part of correlations, and quantum part characterized by quantum discord have been obtained within the central spin model in the high-temperature approximation. The same formulas describe the quantum discord in both the FID and the spin echo although the forms of the dependences are different because of difference in the parameters entering into the formulas. Discord of the spin echo compared with the FID has a strong dependence on time at short times, and it tends to zero with decreasing of the magnetic field, whereas in the case of the FID it reaches a plateau.
INTRODUCTION
In recent years there has been grown interest in studying quantum information 1, 2 , quantum computers 2, 3 , and in the separation of correlations on quantum and classical parts 4 . For example, highly mixed state of qubits in the deterministic quantum computation with one qubit (DQC1) 5 is believed to perform a task exponentially faster than any classical algorithm. Even at high temperatures at which there is no quantum entanglement between the control qubit and the mixed ones, but there is a quantum discord 6 -the discrepancy between quantum versions of two classically equivalent expressions for mutual information 4 . What quantum properties are responsible for the DQC1 performance, has not yet been established [6] [7] [8] [9] [10] [11] . In order to study physics of quantum discord we now consider a similar system -the central spin model [12] [13] [14] [15] , consisting of an electron spin coupled to n nuclear spins. The sample is magnetized in a strong magnetic field. After the 90 0 pulse of resonance magnetic field on the electron spin, the free induction decay signal (FID) ) (t g f will be observed. If after a time t the second 180 0 resonance pulse acts on the electron spin, then the spin echo 16 with the amplitude ) (t g e will be observed at the time 2t. The spin echo is a powerful method for studying the local properties of solids and liquids 16, 17 . At the same time, this is an implemented experimentally example of the Loschmidt echo when studying nonequilibrium processes in multispin systems 18, 19 .
As examples, we can cite Nitrogen-Vacancy (NV) centers in diamond 13, 14, 20, 21 , impurities in solid silicon 12, 22 , quantum dots 15 etc..
1)
Diamond. Electron of a NV center surrounded by atoms (nuclei) of carbon. The main isotope 12 C is spinless, but the spin of rare (1%) isotope 13 C is half.
2)
Silicon. Electron on a phosphorus impurity surrounded by silicon nuclei. The isotope 28 Si has the zero spin, in the rare (about 5%) isotope 29 Si the spin is half. We assume a low density of electron spins and ignore interactions between them. Flips of the nuclear spins cause the spin-echo decay. Possible causes are a spin-lattice interaction, a spin-spin interaction, a hyperfine interaction with the electron spin (back action). We will consider only the latter mechanism.
There are a huge number of theoretical and experimental works to the spin echo, including spin-echo attracted to studying classical and quantum properties of the reservoir of nuclear spins [19] [20] [21] 23, 24 . We do not know the works on the calculation of discord under the conditions of spin echo. In the work 22 on the phosphorus impurity in silicon, the authors experimentally prepared a special two-spin state (Bell-state) of the electron-nucleus system with nonzero discord. On the other hand, in a series of papers [6] [7] [8] [9] [10] 25 . We note similar papers on the calculation of the quantum discord [26] [27] [28] . In present work, we apply to the electron-nuclei spin echo the approach to the calculation of discord developed for the DQC1 model.
THEORY

Free induction decay and spin echo
Our system of an electron spin and n nuclear spins in a strong static magnetic field we will described by the simple model Hamiltonian with one member of the hyperfine interaction
where e ω and j ω are the Larmor frequencies of the electron, S = ½, and nuclear, I = ½, spins, respectively; α 
is the partition function.
The density matrix describing the evolution of the state of the system can be written in the form
both in cases of the FID (f) and of the spin echo (e) with
respectively, where 
is the operator that is Hermitian conjugate to
When the 180 0 pulse flips the electron spin, then it changes hyperfine interaction fields of the electron spin on nuclear spins (see Eq. (5)). Since the nuclear spins before and after the pulse rotate in the different fields, it does not fully compensate for the phase and the decay of the spin echo is observed. We obtained for signals the FID and for the echo amplitude 
To carry out the calculations of Eqs. (4) - (5) we used the property of exponential operators for I = ½ given by
The signals (6) are expressed through the parameters v j in the same way for the FID and the spin echo. However, these parameters (7) themselves are different depending on the time and on the magnetic field as Figure 1 shows.
Quantum and classical correlations
It is convenient to carry out the next calculations in the orthogonal basis
of the evolution operator of the nuclear spin system 6 , when we have
Since in our model there is no interaction between the nuclear spins, we obtained a product of nuclear spin contributions, 
and the observed signals (6) of the echo or the FID can be written as a product
. This phase j k Θ is expressed through the parameter v j (7) in the same way by Eq. (9) for the FID and the spin echo. However, these parameters are different functions of the time and of the magnetic field (see Fig.1 ).
The density matrix (3) in this representation has the form
where
are projectors on the orthogonal basis of the nuclear system. The density matrix (3) has the same form as the matrix of quantum computation in the DQC1 model 5, 6 . Only they have specially prepared the unitary operator + n Û whose trace should be calculated to solve the task, but we have the evolution operator
. Now we apply to the density matrix (10) the approach to calculation of the quantum discord developed for the DQC1 model [6] [7] [8] [9] [10] .
The information-theoretic measure of correlations between the two systems is the mutual information,
where reduced density matrices are 
) (ρ I (12) is the measure of total correlations: quantum and classical. Following Neumann, to extract the classical part we should project the density matrix. For the electron spin 2 / 1 = S we have two projectors onto two states,
with the quantization axis defined by the direction cosines α a ) , , ( z y x = α . In our density matrix (10) is no zcomponent of the electron spin, so we take the cosines in the xy plane:
After projecting, we have
After calculating the trace in the high-temperature approximation we find
Universal measure of classical correlations is obtained after calculating the maximum of the angle φ. The maximum of Eq. (14) achieved at φ=0 if K<0, and at φ=π/2, if K>0, and expressed in terms of the modulus of K,
Subtracting it from the total correlations, we find quantum discord -quantum part of correlations,
We obtain the result for the discord,
and for its ratio to the total correlations, 
When measured with projection on any direction we lose half correlations. The authors 6 pointed out this circumstance when calculating the discord in DQC1 model. Universality depending on the parameter v goes to different dependencies on the time and on the magnetic field for the FID and the spin echo, due to differences in the dependences of the parameters v (7) on these quantities (see fig.1 ). It is interesting on Fig.2 , and the electron spin in the superposition state (10) groups along one axis:
When projected onto this axis, we perform measurements without loss, so the discord is zero.
Can we consider the state of completely the classic? For DQC1 model in similar circumstances authors 8 pay attention to the preservation of advantages over classical computer in the case D=0. We conclude that discord did not fully take into account the quantum properties such as quantum superposition and interference, which play an important role in performance DQC1 model of a quantum computer.
To understand, let us return to the measurement procedure. When in different states of the superposition (10) the electron spin is uniform distributed in the xy plane, half the correlations are lost at projection (13) on any direction, and in Eq. 
